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INTRODUCTION
The number of viable cells remaining in any sample of irradiated cells is determined by finding how many are capable of continued proliferation. Two methods for accomplishing this have been described, and both are limited in their application. The first method (1) depends on irradiating cells in tissue culture and finding how many can subsequently form clones; this method is open to the objection that cells may behave differently in culture from the way they do in the animal. The second method (2) is limited to tumor cells and depends on ascertaining how many cells of any irradiated sample are capable of developing into tumors after transplantation into new hosts. Neither method permits the determination of the viability, for example, of the cells of normal bone marrow growing in their normal situation after irradiation.
The method described in this paper for determining the number of viable cells in bone marrow irradiated in vivo and in vitro hinges on the fact that marrow cells from normal mice, injected into lethally irradiated mice, multiply and differentiate within the hemopoietic organs of the recipients so as to prevent their death from marrow failure (3-6). Thus the survival of an irradiated mouse depends on the viability of cells in the transplanted marrow. Further, it has been shown that the percentage survival of irradiated animals receiving marrow injections is a function of the total number of cells injected (7, 8) . Therefore, the percentage survival of a group of irradiated mice injected with bone marrow can be used to measure the number of viable cells in the suspension used for injection. In the experiments described below, this method was used to determine the radiation sensitivity of normal bone marrow cells.
EXPERIMENTAL PROCEDURES
The mice were C57B1/Ha and Swiss/ICR bred in this laboratory. Each experimental group consisted of 10 males and 10 females, from 2 to 3 months old. Littermates were evenly distributed among the experimental groups.
Twenty-five to thirty mice, half males and half females, but of the same age and strain as the recipients, were used as marrow donors in each experiment. These were killed with ether. Both femora were cleaned of muscle and their ends cut off with scissors. A No. 20 needle was then pushed into the marrow cavity, and ice-cold balanced salt solution (Puck's saline A) was aspirated backward and forward through the cavity until all the marrow was removed. By this procedure the yield from 30 adult mice was usually 12 to 15 ml of a suspension containing 4 to 8 X 107 nucleated marrow cells per milliliter. Cell counts were made in a hemocytometer after dilution of 0.5 ml of the suspension to 5 ml in acetic acid with added methylene blue. Reproducible counts (+5 %) were obtained down to concentrations of 106 cells/ml. The original marrow suspension was diluted appropriately in balanced salt solution to give suspensions with the required cell concentration. The sample containing 106 cells/ml was always checked by direct count. During all manipulations, the marrow suspensions were kept at ice-water temperature.
The mice to be injected with bone marrow cells ("recipient mice") were irradiated in groups of 10 in a circular Lucite box on a revolving turntable 50 cm from the target of a 280-kvp X-ray generator, operated at 20-ma tube current, with filtration giving a HVL of 1.12 mm Cu. The exposure dose rate at 50 cm, including scattered radiation, was 160 r/min. Ionization measurements were made with a Philips universal dosimeter and a Victoreen 100-r chamber, both calibrated against a Victoreen 25-r chamber calibrated by the U. S. National Bureau of Standards. Routinely, the absorbed dose received by the soft tissues of the recipient mice was 950 rads, with a variation in dose through the mouse of between 10 and 15 %. This dose, as will be shown (Fig. 1) , was above that necessary to cause 100% mortality of untreated mice in 30 days.
Marrow suspensions were irradiated in 12-ml polyethylene centrifuge tubes. Chilled 6-ml samples were agitated immediately before irradiation to ensure that the cells were in suspension and adequately aerated. The tubes were placed in a rotating Styrofoam tube holder and irradiated with 280-kvp X-rays, with HVL of 1.12 mm Cu, at an average exposure dose rate of 115 r/min. Simultaneously, ionization measurements were made with a 100-r Victoreen chamber.
As soon as possible after irradiation the recipient mice were given 0.5 ml of bone marrow suspension injected intravenously into the prewarmed tail vein. Though sometimes an animal died of suffocation or air embolism during the procedure, no experimental group was reduced to less than 18 mice because of accidental deaths.
RADIATION SENSITIVITY OF MOUSE MARROW
Frequently, at the end of the injections, counts were made on the remaining suspension. These agreed well with those done at the beginning of the experiment, indicating that adequate mixing had been done during the period of the injections.
After these procedures the mice were housed 3 to 4 animals to a cage and allowed food (Purina Mills mouse diet) and water freely. The cages were examined at least once a day, and the dead animals removed. In this way the 30-day survival of each experimental group was determined.
For the in vivo irradiation of marrow, various doses of X-ray were given to groups of 10 mice by the method already described. The marrow was then extracted from the femurs of the mice of each group, cell counts were made, and the suspension was diluted to a cell count of 106 cells per 0.5 ml. This amount of each suspension was then injected intravenously into each of a group of 20 mice that had received the standard dose of 950 rads. The recipients were then followed in the usual manner. where bd is the slope of the marrow dilution curve (Figs. 2A and 3B) and bx is the slope of the marrow radiation curve (Figs. 2B and 3B) . This expression yields a D37 Further, the transplanted cells not only must divide and form clones but also must possess the capacity to differentiate into functional marrow in order to prevent death of irradiated recipients. Thus the test of viability in our experiments is an unusually stringent one; this may result in an overestimation of the radiation sensitivity of the bone marrow cells.
RESULTS

X-Ray Mortality of Swiss
The experimental results indicate that the radiation sensitivity of normal Swiss or C57B1 marrow cells, expressed as the dose required to reduce the number of viable cells to 37% (D37), is 105 t= 24 rads,2 and that the cells have a similar sensitivity when irradiated in vivo or in vitro. This conclusion is strengthened by a consideration of the survival curve for mice given whole-body radiation (Fig. 1) . This curve, though obtained independently, is related to the survival curve for mouse marrow cells (Fig. 4) because, over the dose range covered in the mouse survival curve (Fig. 1) , transplantation of isologous marrow will prevent death, indicating that marrow failure is the principle cause of death in untreated animals. The mouse survival curve indicates that deaths begin to occur when 400 rads are given, and that mortality is essentially complete when a dose of 800 rads is reached, a range of 400 rads. From the cell survival curve (Fig. 4) it may be seen that 400 rads will reduce a marrow population to 1 % of its original number. From the dilution curve for Swiss mouse marrow ( Fig. 2A) 
